I. INTRODUCTION
Surface-enhanced Raman scattering (SERS) has been a topic of strong scientific interest since 1997, when it was reported that single molecules absorbed on single nanoparticles can be detected using a methodology based on SERS. 1, 2 That was more than 20 years after the first discovery of SERS in 1974. The ability to detect single molecules makes SERS important in many fields, such as chemistry, biology, medicine, pharmacology, and environmental science. High enhancement factors are important in single molecule detections. The SERS enhancement factor in the single molecule detection experiment in Ref. 1 has been reported to be as high as 10 14 -10 15 . Numerous studies are dedicated to model and analyze the giant enhancement factor in the experiment. 3, 4 Experimentally, progress in nanofabrication techniques has been reported, 5, 6 which enables the practical realizations of SERS-active substrates.
In SERS, the electric fields (E-fields) at the surface of nanoparticles are enhanced by a large factor mainly due to the excitation of surface plasmons at the incident frequency, x i . With the excitation of surface plasmons near nanoparticles, the incident E-field is enhanced and induces dipoles in the molecules adsorbed at the surface of the particle. The induced dipoles are oscillating and produce Raman-scattered fields at a shifted frequency, x S , 1, 7 which is called Ramanshifted or Stokes-shifted frequency. Being similar to what happens to the incident fields, the Raman-scattered field excites the surface plasmons near the nanoparticles and is enhanced again. In other words, SERS is the process that the incident field is enhanced by the nanoparticle, shifted and scattered by the molecule, and enhanced for the second time by the nanoparticle. More simply put, the incident field is enhanced twice with the assistance of the adsorbed molecules at the surface of the particles, and its frequency is shifted due to the nature of Raman scattering (inelastic scattering). Due to the localization of surface plasmons, the enhanced E-fields are localized near the nanoparticles.
With the mechanisms above, the SERS enhancement factor is proportional to jEðx i Þ=E i ðx i Þj 2 jEðx S Þ=E i ðx i Þj 2 , where Eðx i Þ and Eðx S Þ are the average E-fields on the particle surface at x i and x S , respectively. 8 When the enhancements at the two frequencies are close to each other, the enhancement factor is approximately equal to jEðx i Þ=E i ðx i Þj 4 . In SERS experiments, the amplification of E-fields, Eðx i Þ=E i ðx i Þ, is directly related to the SERS enhancement factor, jEðx i Þ=E i ðx i Þj 2 jEðx S Þ=E i ðx i Þj 2 . Numerous studies on the enhancement of E-fields for Raman-active substrates have been reported, where nanostructures with high enhancement factors have been proposed and demonstrated using experimental or/and numerical data. Due to the high enhancement of E-fields, the nanoparticles that excite surface plasmons are sometimes called optical antennas. 9, 10 The enhancement of E-fields is dependent on a number of factors, for example, the shape/geometry of the particles and their physical size with respect to the incident wavelength. Nanoparticles of different shapes/geometries, such as nanowells 11 and nanocrescents, 4 were fabricated, and SERS enhancement was demonstrated. The arrangement of particles, such as the number of particles, the periodicity, and the space between particles, is another factor that affects the SERS enhancement factor. A dimer, which has two particles in close proximity, shows a much higher enhancement factor than an isolated particle. 3 An array of particles obtains an extra factor of 10 2 due to long-range photonic interactions caused by the periodicity. 7 The space between two particles plays an important role in the enhancement. 12 The enhancement factors increase as the distance between the two particles decreases. Besides the particles and their arrangements, the substrate that is used to support the particles shows effects on the enhancement of E-fields. 13, 14 Due to the dominant effect of the electromagnetic enhancement mechanism in SERS, electromagnetic theories analyzing the E-fields around the nanoparticles are useful in providing basic guidance to obtain a high Raman enhancement factor. For an isolated spherical nanoparticle, Mie theory provides an analytical solution. Numerically, finitedifference time-domain (FDTD) methods and finite element method (FEM) are straight-forward ones based on differential equation formulations, but they need to discretize both the objects and the surrounding space for solving the problem. Integral equation methods only need to discretize the objects, and the boundary conditions are rigorously included in the calculations. Volume integral equation formulation, including the discrete dipole approximation (DDA), results in full matrices with high cost in memory and computational time. When the object is homogeneous or is inhomogeneous with piecewise constant projection, surface integral equation (SIE) formulation is a good option. It is an efficient method, providing high accuracy in the near field and for the structures with singularities (sharp tips in the geometry of the nanoparticles).
In this paper, we propose an aggregate consisting of sectors of a circular cylinder. The performance of the proposed structure is predicted using method of moments (MoM). The proposed structure is predicted to have high enhancement of E-fields. The physics of the high performance are revealed. Variants of the proposed structure and their performance are discussed.
II. DESIGN OF THE AGGREGATE
Figure 1(a) shows the geometry of this proposed aggregate. As shown in Fig. 1(a) , it consists of sectors of a circular cylinder. The central angle is denoted using h, the radius of the sector is r, and the thickness of the cylinder in the z-direction is t. All the cylinders are arranged together to form an aggregate. The insert in Fig. 1(a) shows the crosssectional view of the center of this aggregate. It is zoomed in and shown in Fig. 1(b) . As shown in Fig. 1(b) , the tip of a circle sector is truncated a away from the tip. The distance between the two circle sectors along the same direction is d. The distance between the adjacent circle sectors is g. The adjacent circle sectors do not touch each other and g 6 ¼ 0.
The design starts from a bowtie-shaped dimer, as shown in Fig. 2(a) . The design of the aggregate involves the dimension of the circular sectors (r), the gap size (d), and the super position of the dimers.
A. Cross-sectional dimension of the nanoparticle
The bowtie-shaped dimer shown in Fig. 2(a) was used to confine coherent mid-infrared radiation well below the diffraction limit in Ref. 9 . In Ref. 9 , numerical results show the high E-field enhancement in the gap of the dimer. In this section, more physics are revealed to show the advantages of a bowtie-shaped dimer.
The bowtie-shaped dimer can be modeled using a wire dipole antenna excited by a current source, as shown in Fig. 2(b) . In Fig. 2(b) , the wires are aligned to the x-axis. For a wire antenna, the total length is set to be around halfwavelength to maximize the fields. 15 For the bowtie-shaped dimer shown in Fig. 2(a) , when the incident wave has the E-field aligned to the x-axis, the maximum dimension of the dimer in this direction (2r þ d) is set to be half of the guided wavelength of the electromagnetic waves propagating in the particle along the same direction, k g =2. 16 As d ( 2r, the optimal r is set to be slightly less than a quarter of the guided wavelength. The guided wavelength of the waves in the particle is obtained based on the propagation of surface plasmons in the metal with a flat surface.
When a transverse magnetic (TM) plane wave impinges on a metal-dielectric surface, surface plasmons (surface plasmonic waves) are excited and propagate along the interface.
17 Figure 3 shows the cross-sectional view of the dimer to illustrate the excitation of surface plasmons. The incident wave propagates in the Àz-direction, and the E-field is along the x-direction. The incident wave excites surface plasmons at the metal-dielectric interface. The details of excitation are discussed in Ref. 17 . It could be achieved by periodic patterns on the surface, which compensates the phase difference between lights and surface plasmons. When surface 2012) plasmons are excited, they are propagating along the x-direction and decay rapidly in the þz-and Àz-direction. They are surface waves. The value of the k-vector in the x-direction is expressed as follows:
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where x is the angular frequency of the incident wave, c is the speed of light in the vacuum, and 1 and 2 are the dielectric constants of the metal and the dielectric, respectively. Thus, in the x-direction,
Surface plasmons are excited along the interface propagating at k g . When the surface is carved for the fabrication of nanoparticles, resonance can be obtained along the direction of propagation if the dimension of the particle is set properly. For a bowtie-shaped dimer, the radius of the sector, r, is set slightly less than k=4 to excite the structure resonance. With k g expressed in Eq. (2), r in this direction is obtainable.
When the direction is at an angle b from the x-direction, as shown in Fig. 2(a) , the optimal r remains the same. The explanations are as follows: At angle b, we denote the direction as x 0 -direction. In the x 0 -direction, surface plasmons are excited in the dimer and resonate at the radius r calculated from Eqs. (1) and (2) . When the incident wave (k inc ¼ Àk zẑ , E inc ¼ E xx ) illuminates the dimer, the incident waves can be decomposed into TM and transverse electric (TE) waves with respect to the new axis, x 0 -axis. The new TM waves excite surface plasmons along the x 0 -axis. In the new direction, the k-vector of the surface plasmonic wave is still governed by Eq. (1). As can be seen in Eq. (1), it is determined by the two materials at the interface as well as the working frequency. Therefore, the k-vector of the surface plasmonic wave in a dimer is not affected by the change of b, neither is the optimal radius of the sectors of the dimer, r. Therefore, the optimal r is fixed at different bs, leading to two circular sectors pointing to each other, as shown in Fig. 2(a) . For a dimer with two cylindrical components, it can be concluded that the E-field is amplified maximally when the dimer is constructed by two sectors of a circular cylinder with an optimized radius based on Eq. (2), meaning rðbÞ is fixed to the value calculated based on Eq. (2). Figure 4 shows a dimer that is rotated at an angle / anticlockwise from the x-axis. There are surface plasmons excited in the rotated dimer with the same incident waves (k inc ¼ Àk zẑ , E inc ¼ E xx ). The explanations are similar to those shown in Sec. II B. The incident waves can be decomposed into TE and TM waves with respect to the new axis, x 0 -axis, which is the axis passing through the center of the rotated dimer. The new TM waves excite surface plasmons along the x 0 -axis. In the rotated dimer, the k-vector of the surface plasmonic wave is still governed by Eq. (1). As can be seen in Eq. (1), it is determined by the two materials at the interface as well as the working frequency. Therefore, the k-vector of the surface plasmonic wave in a dimer is not affected by the rotation, neither is the optimal radius of the sectors of the dimer (r). Therefore, for the rotated dimers, 2012) the optimal r is the same as that of the one aligned to the x-axis. When all the dimers of radius r are superposed at different /'s, as shown in Fig. 1 , they all have excited surface plasmons and resonate with the structure, and the E-field enhancement becomes stronger. As an example, in Fig. 1 , the central angle is set to be 60 and three dimers are superposed, forming a pancake-shaped aggregate.
B. Superposition of dimers
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III. NUMERICAL RESULTS
Poggio-Miller-Chang-Harrington-Wu-Tsai (PMCHWT) method is used to predict and analyze the performances of the proposed structure, which is a penetrable structure at optical frequencies. This approach provides high accuracy in the near field calculation with structures that have sharp edges or tips, due to the nature of this method. The details of the calculation method are included in the supporting materials. 19 In the simulations, a plane wave at 500 THz illuminates the object, k inc ¼ Àk zẑ , E inc ¼ E xx . Gold is used as the material for the nanoparticles. Its dielectric constant is À8:59þ 1.3i. 18 Therefore, based on Eq. (2), the radius of the sector of the dimer r is determined to be 141:2 nm. Figure 5 shows the E-field enhancement factors (normalized E-fields) on the surfaces 1 nm above the surfaces of the bowtie-shaped dimers of different radii. The size of the gap is fixed to be 3 nm. As shown in Fig. , when the radius equals to 141:2 nm, a quarter of the guided wavelength of the surface plasmonic waves in the particle, maximum E-field enhancement can be obtained at 212.73. The maximum E-fields on these surfaces are also the maximum E-fields in all, based on the simulated results.
A dimer with two triangles at the cross section, as shown in Fig. 6 , is calculated for the purpose of comparison. The height h is set to be 141:2 nm, where structure resonance can be expected in the x-direction and g ¼ 3 nm. Figure 7 shows the E-field enhancement factor of this structure on the same surface (1 nm above the surface of the dimer). As can be seen in Fig. 7 , this triangular dimer shows a maximum E-field enhancement of 186.83. It is less than the bowtieshaped structure with a radius of 141.2 nm and the same gap size (Fig. 5(b) ). This is because, in the triangular dimer, the dimension of the dimer is not half of the guided wavelength in the directions other than the x-direction and there is a lack of resonance in these directions.
In the literature, it is reported that the enhancement factor of a dimer is inversely proportional to the gap size. Table I shows the maximum E-field enhancement factors of the dimers with different gap sizes. When the gap size goes as small as 1 nm, the E-field can go as high as 489.68. It can be seen that a smaller gap size enhances coupling between the two particles and greatly strengthens the E-field enhancement. However, in the real world, a small gap size is challenging for fabrication. Figure 8 shows the E-field enhancement factors on the surface 1 nm above the surface of the proposed aggregate (r ¼ 141:2 nm, g ¼ 3 nm), including a 3D and a 2D view. In the figure, this aggregate exhibits an enhancement factor of more than 430:05. Clearly, it shows the significant effect of the superposition on the enhancement of E-fields. When three dimers are superposed into an aggregate, the enhancement is greatly strengthened and the enhancement factor is more than being doubled. The asymmetry of fields along the y-direction is observed, and the maximum point is shifted from the point where y ¼ 0. They are probably due to the waveguiding effect formed by two particles that are sitting next to each other. Comparing the dimer with a 1 nm gap and the proposed aggregate, we see that, with the proposed structure, high enhancement can be obtained without pushing two particles to be very close.
IV. CONCLUSION
In this letter, we proposed a pancake-shaped aggregate that effectively focuses surface plasmons. It is a superposition of bowtie-shaped dimers, in which surface plasmons are excited, structurally resonated, and coupled. The performance of the proposed structure is predicted using the integral equation method, which can accurately calculate the nearfields of nanoparticles. The proposed structure is predicted to have an E-field enhancement of more than 400 times. The proposed structure offers an approach to obtain a high enhancement factor without pushing two particles unpractically close in a dimer. It is a promising structure that can be applied for single molecule detections by using surfaceenhanced Raman scattering. It is useful in the area of nanooptics, where high E-fields are needed. There are many more possible designs by taking this proposed approach. For example, the central angle of each sector, h, the number of dimers for superposing can be further optimized for further improvement of the performance. FIG. 8 . The E-field enhancement factors on the surfaces 1 nm above the surfaces of the proposed aggregate in Fig. 1 .
